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Abstract 
Due to rising prices of fossil energy sources renewable energy sources and biofuels gain in importance. Butanol as 
fuel or blending component has some advantages compared to ethanol. For example a lower vapour pressure and 
higher energy density. The production of butanol in a microbial fermentation was first reported by Pasteur in 1861. 
Wastes from the food industry can be excellent substrates for fermentative fuel production. Whey is an excellent 
substrate for ABE fermentation because of its high lactose content. Worldwide the accruing whey amount is about 
160 *106 Mg per year. 12 solvent producing strains of clostridia were chosen and tested about their ability to produce 
a high concentration of butanol. In the next project steep rapeseed oil/n-butanol blends in different compositions were 
tested in a single-cylinder diesel engine to their emission/combustion characteristics compared to pure rapeseed oil at 
different load levels. A higher n-butanol content increases carbon monoxide-, total hydrocarbons- and acrolein-
emissions at all load levels. NOx-emissions values are on a lower level running the engine on lower part load. 
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1.Introduction 
Due to rising prices of fossil energy sources renewable energy sources and biofuels gain in importance. 
But not only grains and other agricultural products can serve as a renewable energy source. During the 
last years legislative restrictions concerning waste-treatment and environmental protection forced also the 
food industry to think their waste-management over. Wastes from the food industry can be excellent 
substrates for fermentation processes. They have only accurately defined ingredients and a constant 
composition. Remnants with high water content are especially suitable for the fermentative production of 
biofuels. 
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The search for sustainable alternative fuels for diesel engines has recently become important due to the 
growing concerns with regards to the future availability of oil reserves and environmental problems. 
Diesel engines are widely used in agriculture, transportation and industry. Vegetable oils and their esters 
(biodiesel) provide an opportunity to replace a certain amount of fossil diesel in compression ignition (CI) 
engines, in order to achieve significant emission reduction [1]. 
2.Motivation and State of the Art 
2.1.Utilization of Whey 
The production of 1 kg cheese results in 9 kg whey. Worldwide the accruing whey amount is 
160 * 106 Mg per year, which means about 8 * 106 Mg lactose [2, 3]. In former years or in countries of 
the third world whey was often disposed in an easy and cheap way: for example spread over fields, 
oxidized in sewerage systems, or simply pumped into the ocean. In developed countries whey was mainly 
used to feed animals [4]. But concentrated or fractionated whey can be used for dietary food, as functional 
component of convenience food or during food production. Such whey products have monetary value. 
Therefore sweet whey is already worked up to single cell protein, riboflavin, vitamin B [5], or used for 
the production of baker’s yeasts, ethanol or biogas [6]. Acid whey is less suitable for food components 
because of its higher content of lactic acid, which causes a bad taste.  
Furthermore, there are established industrial processes to produce ethanol from whey, for example in 
Ireland, New Zealand, United States, Denmark and Germany [6]. Traditional ethanol fermentation 
processes with yeasts cannot utilize whey, because only few types of yeast can metabolize lactose. So 
either an enzymatic pre-treatment is necessary, or special lactose fermenting yeasts – for example 
Kluyveromyces spp. - are chosen. Table 1 compares data of some whey-based bioethanol production 
plants.  
Table 1. Whey-based bioethanol production 
Country Company or town Ethanol output [m³/a] organism 
Germany Müllermilch 10.000 - 
New Zealand Ancher Ethanol 17.000 Kluyveromyces spp. 
United States Melrose (Minnesota) Kluyveromyces spp. 
United States Corona (California) 
}            30.000 
Kluyveromyces spp. 
Denmark Dansk Gaerings - Streptococcus fragilis 
 
2.2.History of ABE Fermentation 
The production of butanol in a microbial fermentation was first reported by Pasteur in 1861, in 1905 
the first fermentative production of acetone was reported. In 1911 Fernbach isolated a culture, which was 
able to ferment potatoes to butanol. In 1914 Weizmann discovered Clostridium acetobutylicum. This 
organism had a number of unique properties, including the ability to use variety of starchy substances and 
to produce much better yields of acetone and butanol than did Fernbach’s original culture. During the 
First World War great amounts of acetone were needed for the manufacture of munitions. As Great 
Britain’s supplies of acetone were almost cut off in 1916, six distilleries in Great Britain were adapted for 
the production of acetone by the Weizmann process because of the promising results at pilot-scale plants.  
The rapidly expanding automobile industry used butanol and its ester butyl acetate as solvents for 
quick-drying lacquers. The increasing demand for butanol led to several new plants. After 1936 plants 
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were also built in many other countries, for example in Japan, India, South Africa and Australia. During 
the Second World War, the demand of acetone for munitions again increased, and several new plants 
were built in Great Britain, USA, Japan, Russia and South Africa. Fig. 1 shows the industrial production 
of butanol by the use of microbial processes during the 20th century [7]. 
 
 
Fig. 1. Microbial production of butanol during the 20th century [8] 
 
Between 1950 and 1960 the microbial production of acetone and butanol decreased rapidly. The 
reason therefore was twofold. First molasses, so far used as substrate for AB fermentation, began to be 
used in substantial amounts as cattle feed. Second the competition between the fermentation and chemical 
process had become very acute [7]. 
 
2.3.Butanol as Fuel 
Bioethanol is already produced on an industrial scale, biomethan is also produced on a large scale, but 
is not yet utilised for transportation. Biobutanol is on the agenda of several large companies and may be 
used in the near future as a supplement for gasoline, diesel and kerosene. Furthermore bio-based alcohols 
can be used as solvents or basic chemicals. Biobutanol can contribute to the partially biological 
production of butyl-t-butylether, BTBE, as does bioethanol today with ETBE [9]. 
Butanol as fuel or blending component has some advantages compared to ethanol and other (bio)fuels: 
x lower vapour pressure, which reduces the chance of vapour lock 
x enhanced tolerance to water contamination [10] 
x ability to use existing fuel distribution pipelines [11] 
x ability to be blended at higher concentrations without retrofitting vehicles 
x better fuel economy due to higher energy density  
x reducing viscosity of vegetable oils 
x oxygenated fuels can reduce HC- and CO-emissions because of improved combustion 
efficiency [11, 12] 
x butanol is dissolvable with vegetable oils in any ratio 
Adding butanol to ethanol-benzine-mixtures has a positive effect on the vapour pressure of the 
mixture. Vegetable oils mostly consist of triglycerides, which are inherently viscous. But high viscosity 
and poor volatility are major challenges to the running of modern diesel engines on vegetable oils [1]. 
Some fuel-relevant data of butanol and other common (bio)fuels are shown in Table 2.  
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Table 2. Comparison of fuel properties [12] 
 Unit Diesel Rapeseed oil n-butanol Methanol Ethanol 
Cetane number - 44-55 50 12 3 8 
Density g/ml 0.86 0.92 0.81 0.80 0.79 
Auto-ignition temperature °C 200-220 >300 385 470 434 
Lower heating value MJ/kg 42.5 37.6 35.1 19.9 26.8 
Boiling point °C 180-230 >350 117 64.5 78.4 
Saturation temperature °C - - 20 20 20 
Saturation pressure kPa - <0.1 0.6 11.83 5.93 
 
Emissions of a CI engine mainly depend on the air ratio and the load level: The formation of carbon 
monoxide (CO), nitrogen oxides (NOx) and total hydrocarbons (THC) is mainly addicted by air ratio (Ȝ) 
and resulting combustion temperatures. CO and THC are products of incomplete combustion which 
increases by Ȝ<1.0. The formation of NOx is favoured by high temperatures under adequate oxygen range 
(Ȝ§1.1). At lean mixtures (Ȝ>1.2) combustion temperatures decreases also NOx-emissions, THC-
emissions increases [13]. CO-, THC- and acrolein-emissions increase at lower load levels. A higher n-
butanol content increases the emissions at all tested load levels. NOx-emissions are on a lower level 
running the engine on lower part load.  
 
3.Materials and Methods 
3.1.Fermentative Production of n-Butanol 
Whey media were based on Reinforced Clostridial Medium (RCM), but without glucose: 10.0 g/l meat 
extract, 10.0 g/l peptone, 3.0 g/l yeast extract, 1.0 g/l soluble starch, 0.5 g/l cysteine hydrochloride, 5.0 g/l 
natrium chloride and 3.0 g/l natrium acetate were solved in whey (instead of water), containing 45 g/l 
lactose. 
Media were prepared in an anaerobic tent (COY Laboratory Products Inc., Grass Lake, USA), 
containing 95 % (v/v) nitrogen and 5 % (v/v) hydrogen. Media were sterilized at 120 °C for 20 minutes. 
All experiments were started from spore cultures. After 24 h whey media were inoculated in ratio 1:50. 
All experiments were conducted in 50 ml-batch cultures, using 100-ml serum bottles with butyl stopper, 
at 30 °C. Solvent concentrations were measured by gas chromatography, using a Clarus 600 
(PerkinElmer). 
3.2.Combustion of Butanol Oil Mixtures 
The test fuels were blends of fully refined rapeseed oil (BRÖKELMANN Oelmuehle GmbH + Co. 
Hamm Germany) and n-butanol (Carl Roth GmbH + Co. KG), prepared on weight basis. The major 
component was rapeseed oil. 1-butanol was added in the range of 0 to 20 % (w/w). The blends were made 
in batches. The kinematic viscosity of the fuel blends was measured with Ubbelohde-viskosimeter (Schott 
Instruments).  
The trail setup consisted of a multi component analyser (IR-photometer) type MCS 100E HW (Sick 
Maihak), Flame ionisation detector type EuroFID (Sick Maihak) and the CI-mass spectrometer type 
AS500 (V&F Analyse- und Messtechnik GmbH) were connected to the exhaust pipe of the CHP. The 
CHP consisted of a 4-stokes single cylinder engine (Fichtel&Sachs) with a direct fuel injection system 
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using a five hole injection nozzle, an asynchrony generator, heat exchangers and a control unit. A data 
logger recorded CHP data, emission data, scale data and exhaust gas temperatures. The range of load 
level settings was between 2.7 and 4.6 kW electrical output. Probe gas was taken from the main exhaust 
pipe via headed flue gas pipes. Fuel was supplied from a fuel tank. The fuel consumption was recorded by 
scale. Fuel switching took place by manual changing of the tank and removing air, clearing fuel filter and 
lines by automatically function of the CHP. During the emission test the engine was running at constant 
load, defined by the electrical output of the generator. Three load levels were tested (4.6 kWel. , 3.7 kWel. 
and 2.7 kWel.) for each blend.  
4.Results and Discussion 
4.1.Selection of Organisms for Butanol Production 
First a screening was carried out in order to find the best organisms for the substrate whey. 12 solvent 
producing strains of clostridia (named with roman numbers, I to XII) were chosen and tested about their 
ability to produce high concentrations of solvents and especially butanol. Furthermore the strains should 
be able to utilize acid whey as well as sweet whey. Fig. 2 shows the maxima of solvent concentrations 
reached in 50 ml batch experiments. 
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Fig. 2. Selection of organisms for the fermentation of whey: A) sweet whey medium, B) acid whey medium 
Strain I reached the highest butanol concentration of 12 g/l and a high butanol:acetone:ethanol ratio of 
about 6:2:1.8 with sweet whey and an even better solvent yield with acid whey. Strain VIII proved to be 
second best at solvent yields and was able to utilize sweet and acid whey, too. All other strains reached 
lower yields of solvents especially with acid whey. So strain I and VIII were chosen for further 
experiments and the optimization of a whey based butanol fermentation process.  
4.2.Optimization of Solvent Production 
So two whey-based ABE-fermentation processes could be established, TUM process I and TUM 
process II, that exceed other results reached with the substrate whey. In Figure 3 TUM Process I and II 
are compared to both the conventional ABE process with starch as substrate and other results with whey 
as substrate, which are described in the literature. 
Both TUM processes reached better yields of butanol and total amount of solvents than all other whey-
based ABE fermentations. Compared to the conventional ABE process solvent concentrations were a 
butanol acetone ethanol
1872  Manuela Stoeberl et al. / Procedia Food Science 1 (2011) 1867 – 1874
little lower, but especially TUM process I showed a much better butanol:solvents ratio and so reached the 
same butanol concentration as the conventional Weizmann process.  
 
  
Fig. 3. Solvent and butanol yields of different ABE 
fermentation processes [9] 
Fig. 4. Kinematic viscosity of rapeseed oil/n-butanol blends in relation to 
temperature 
4.3.Kinematic Viscosity and Emissions of Rapeseed Oil/Butanol (R/B) Blends 
Fig. 4 shows the kinematic viscosity of the R/B-blends under atmospheric conditions in a temperature 
range between 20 °C and 80 °C. Their behaviour in the fuel- and injection pumps as well as the 
atomization by the injection nozzles were affected by the viscosity of the fuel [11]. With rising n-butanol 
content and rising temperature viscosity decreases. 
The recorded emission data are converted to a reference oxygen content of 5 % (v/v) [14]. The 
conversion performed by Equation 1. 
 
  (1) 
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Emission referring to reference oxygen content 
Measured emission 
Reference oxygen content 
Measured oxygen content 
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Fig. 5. NOx-, CO-, THC- and acrolein-emissions in relation to n-butanol content and load level 
Figure 5 displays the results of the emission measurement according to n-butanol content and load 
level. NOx-emission values dropped down in lower part loads. Higher n-butanol concentrations trended to 
result in lower values with exception of B7 and B15 blends. CO-emissions were generally on a lower 
level running the engine at maximum load. Higher concentrations of n-butanol trended to result in slightly 
higher values. With a rising content of n-butanol THC-emissions increased. Also running the engine on 
lower part loads causes an increasing. The highest level of THC values are recorded at a part load of 
2.7 kWel. and a 20 % (w/w) content of n-butanol. Acrolein is a typical hazardous by-product of 
overheated vegetable oils. It has a piercing, disagreeable, acrid smell similar to that of burning fat. The 
least concentrations of acrolein were detected in pure rapeseed oil. With a rising n-butanol content 
concentration values increased. Running the engine on lower part load had caused an increasing 
concentration, too. The highest values were found by using a R80/B20-blend under lower part load 
(2.7 kWel.). 
5.Conclusion 
Wastes from the food industry can be used as energy sources as well as any other carbohydrates. 
Especially wastes with high water content are well suited for fermentative production of biofuels. One 
example is the fermentation of biobutanol from waste-whey. A worldwide whey production of about 160 
106 Mg a year means 8 * 106 Mg of carbohydrates. Based on a yield of 0.3 g butanol from 1 g 
carbohydrates, worldwide whey production could result in 2.4 * 106 Mg solvents or fuels a year. Two 
promising processes could be developed, with two different strains of clostridia. Both strains could use 
sweet whey as well as acid whey and reached better yields of butanol than all other described processes. 
Combustion experiments with butanol-blended rapeseed oil showed different influences on the 
emissions: CO-, THC- and acrolein-emissions increased at lower load levels. Higher n-butanol content 
increased the emissions at all tested load levels. The effect of higher THC values at present of alcohol is 
described in literature [15]. NOx-emissions were on a lower level running the engine on lower part load. 
To achieve better emission results adaptation of motor concept to the changed fuel characteristics should 
take place.  
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